ABSTRACT ← − LINC transmitters (LInear amplification with Nonlinear Components) are suitable for the power amplification of variable-envelope signals, since they allow the use of lowcost, highly-efficient strongly-nonlinear power amplifiers. However, the combination of the outputs of the LINC's two amplifiers has is the weak part of it: the combiner losses offset the amplification efficiency gains inherent to the use of highly-efficient power amplifiers and/or it might have linearity requirements.
Introduction
OFDM modulations (Orthogonal Frequency Division Multiplexing) [1] are widely employed in many modern wireless communication systems [2, 3, 4] , manly due to their robustness to severely time-dispersive channels without the need of complex equalization schemes. However, OFDM signals have large envelope fluctuations and high PAPR (Peak-to-Average Power Ratio), which leads to amplification difficulties since linear amplifiers with high high backoff are required. Moreover, an almost linear amplifier is still required, even when PAPR-reduction techniques are employed (see [5] and its references for an overview of PAPR-reduction techniques for OFDM).
It is known that linear or quasi-linear amplifiers, such as class A amplifiers, have higher complexity and lower amplification efficiency than strongly nonlinear amplifiers (e.g., class D, E or F amplifiers [6] ). Therefore, it would be desirable to employ strongly nonlinear amplifiers in future wireless communication systems, such as 5G (5th Generation) systems. LINC schemes (LInear amplification with Nonlinear Components) [7] are an interesting alternative for an efficient amplification of variable-envelope signals in general and OFDM signals in particular [8] . The basic idea behind LINC transmitters is to decompose a variableenvelope signal as the sum of two constant-envelope signals, which can be separately amplified without distortion by two highly efficient, strongly nonlinear power amplifiers. To obtain the intended signal to be transmitted we just need to add the outputs of the two amplifiers by a combiner. However, the combiner is the weak part of the LINC transmitter because the combiner losses offset the efficiency gains inherent to the use of highly efficient, strongly nonlinear power amplifiers and/or the combiner might still have significant linearity requirements [9, 10] .
In this paper we consider a multi-antenna LINC (MA-LINC) transmitter that does not require a combiner to add the amplifiers' outputs. The basic idea behind our MA-LINC transmitter is to send the output of each power amplifier to a different antenna, which means that the signals are combined at the channel level, without any combining losses and/or linearity requirements. Ideally, the antennas should be placed at in the same place, but since that is not possible we assume that they are as close as possible (half wave length or even less, provided that the coupling losses are negligible). This means that we need to perform appropriate phase rotations on the signals (e.g., by employing digitally controlled phase shifters) to allow the intended signals in a given direction of radiation. We also include a model for studying the impact of phase errors on the performance of the proposed technique. This paper is organized as follows: sec. II describes conventional LINC transmitters and sec. III describes the proposed MA-LINC transmitter. Finally, ssec. V is concerned with the conclusions of this paper.
Conventional LINC for OFDM Signals
Let {s n ; n = 0, 1, . . . , N − 1} denote the set of timedomain samples associated to an OFDM block that is sampled with an oversampling factor M (in general this is done by computing the IDFT (Inverse Discrete Fourier Transform) of an OFDM block with N (M − 1)/M idle subcarriers).
The LINC transmitter has the structure depicted in fig.  1 . The basic idea is the following [8] . The time-domain samples {s n ; n = 0, 1, . . . , N − 1} are submitted to two parallel nonlinear devices leading to the blocks {s (1) n ; n = 0, 1, . . . , N − 1} and {s (2) n ; n = 0, 1, . . . , N − 1}, respectively, with
where g (1) (·) and g (2) (·) can be regarded as bandpass, memoryless nonlinearities [11] characterized by g (1) (R) = g c (R) + jg e (R) and g (2) (R) = g c (R) − jg e (R), with R = |s n | and g c (R) and g e (R) given by
and
where s M denotes an appropriate clipping level selected to ensure a good tradeoff between reducing the PAPR of the OFDM signal and nonlinear distortion effects (normalized clipping levels typically take values of 1.0 or 2.0). The corresponding AM/AM and AM/PM conversion functions are |g (i) (R)| and arg(g (i) (R)), i = 1, 2, and similar nonlinear conversion functions can be defined for g c (R) andg e (R). The output of these nonlinear functions (eventually after appropriate frequency-domain filtering procedures) are then digital-to-analog converted and up-converted, leading to the signals s (1) (t) and s (2) (t). Clearly, s (1) (t) + s (2) (t) is an envelope-clipped version of the OFDM signal with clipping level s M (and, eventually, an appropriate frequency-domain filtering). Moreover,
which means that the corresponding analog signals can have very low envelope fluctuations. In fact, they can have quasi-constant envelope, provided that the oversampling factor is high enough (say, M = 4 or 8), which means that they can be amplified by two highly-efficient, strongly nonlinear power amplifiers. By adding the amplifiers' outputs we obtain the intended clipped version of the OFDM signal, since the complementary terms associated to g e (R) cancel out.
MA-LINC Technique
As already pointed out, the major problems associated to conventional LINC transmitters are associated to the combiner, which has the task of adding two high-power signals. A passive combiner has very poor efficiency (below 50%) and a more sophisticated combiner such as a Chireix combiner [10] has linearity problems. To overcome this problem, we propose a multi-antenna LINC structure (denoted MA-LINC) where the signals associated to each LINC branch are transmitted by different antennas, as depicted in fig. 2 . This means that no combiner is required, since the signals associated to each amplifier are added at the channel level, therefore improving substantially the overall amplification efficiency of the transmitted. The major problem associated to this structure is that the antennas cannot be too close (typically the antenna separation cannot be much lower than λ/2 to avoid coupling losses, where λ denotes the wavelength. This means that there will be an additional phase difference between the two LINC branches of
where d is the separation between antennas and θ is the direction of radiation, measured relatively the line defined by the two antennas. To overcome this problem we need to properly phase-rotate one (or both) antenna elements. In this case, the MA-LINC transmitter will have the intended behavior (i.e., an ideal envelope clipping) in the desired direction of radiation. When we have errors in the direction of radiation (i.e., the transmitter does not know the exact direction of radiation) the MA-LINC behaves as an unbalanced conventional LINC transmitter where the gains of the two branches, G 1 and G 2 , respectively, satisfy |G 1 | = |G 2 | and arg(G 1 ) − arg(G 2 ) = ∆ϕ =φ − ϕ (φ denotes the actual direction for which the MA-LINC transmitter is designed). This means that the MA-LINC is equivalent to a bandpass, memoryless nonlinearity characterized by
where g c (R) and g e (R) are given by (3) and (4), respectively. Fig. 3 shows the equivalent nonlinear characteristic A eq (R) = |g eq (R)| (it can be shown that the phase of g eq (R) is constant) for the intended direction of radiation and a direction differing from it by 5
• . Clearly, there is a slight difference difference in the equivalent nonlinear characteristic. This leads to a degradation on the SIR (Signal-to-nonlinear Interference Ratio) levels, as depicted in fig. 4 (the SIR levels can be computed using the analytical approach of [12] , with the equivalent nonlinear characteristic of (7)). However, this degradation in the SIR levels is not serious, unless very large constellations are employed, since conventional coding schemes employed in OFDM transmission are usually more than enough to cope with the additional noise levels inherent to the nonlinear distortion. Figure 4 . Evolution of the SIR levels for the intended direction of radiation (solid line) and 5
• relatively to it (dashed line).
spectral characteristics of the transmitted signals in any direction (see [12] for details). Fig. 5 shows the PSD of the transmitted signals in the intended direction of radiation and in at a direction that differs from it by 5
• . The corresponding FOBP (Fractional out-of-Band Power), i.e., the fraction of the power that is outside a given band, is depicted in fig. 6 . Although the out-of-band radiation levels are slightly higher outside the intended direction of radiation, the difference is small (and the degradation in the out-of-band radiation levels does not increase substantially as we increase the angular difference 1 ). Moreover, if we consider the downlink transmission (i.e., the transmission from the base station to the mobile terminal, where OFDM are widely recognized as the best transmission technique [13, 14] ) and the antennas are placed one above the other then the directions are defined in the vertical plan and the angular differences are very low.
Conclusion
In this paper we considered a multi-antenna LINC transmitter that does not require a combiner to add the outputs of the two amplifiers. Since a different antenna is associated to each amplifier, the signals are combined at the channel level, avoiding combination losses and/or combiner's linearity requirements. To provide the intended signals in a given direction the signals associated to one (or both) amplifiers are phase rotated. We also proposed a model for Figure 5 . PSD of the transmitted signals in the intended direction of radiation (solid line) and 5
• relatively to it (dotted line). Figure 6 . FOPB of the transmitted signals in the intended direction of radiation (solid line) and 5
• relatively to it (dotted line). studying the impact of phase errors on the performance of the proposed technique.
The proposed transmitter outperforms conventional LINC transmitters, making it a particularly interesting alternative for the downlink of future wireless systems operating at mm-wave frequencies (where the power requirements are more severe and the wave-length is small).
